1. Brain Insults and Temporal Lobe Epilepsy: Vascular Pathology as the Missing Link {#sec1}
===================================================================================

The onset of TLE frequently follows cerebral insults. In infants, prolonged febrile seizures are considered the most common precipitating event \[[@B1]\], while in adults, stroke, traumatic brain injury (TBI), tumors, infections and iatrogenic artifacts are often the triggering insults \[[@B2]\]. Stroke or vascular occlusion are the most common form of brain insult in the adult population and the number one known cause of epilepsy \[[@B3]\], raising the hypothesis of a vascular-related pathology as the underlying basis for epilepsy. Importantly, the increased vascular seen after stroke is often not confined to the ruptured or clotted vessels nor to the ischemic region of the brain, rather it affects a wide area around the focus of the lesion. Moreover, the increased permeability is not limited to the acute time point of the insult and may last from days up to years \[[@B4]\]. The mechanisms underlying BBB dysfunction and restoration after brain insults are still not completely understood but seem to be associated with metabolic failure \[[@B5]\] and immune processes involving the innate brain and peripheral inflammatory responses \[[@B6], [@B7]\]. The BBB, as a dynamic transport mechanism, requires continuous supply of nutrients and metabolites to maintain proper function. Therefore, the BBB is sensitive to the metabolic failure deriving from insults \[[@B8]\], and in rats even a short metabolic disruption during a transient ischemic attack may be enough to cause leakage \[[@B9], [@B10]\]. The inflammatory response that ensues after an insult may be variable, but commonly involves a BBB opening \[[@B11]--[@B13]\]. The exact mechanisms, through which the inflammatory mediators\' interactions affect the BBB, are yet unknown; however, experimental data suggest that cytokines secreted from astrocytes and microglia, including IL-6, IL-1*β*, and TGF-*β*, affect endothelial tight junctions culminating in increased BBB permeability. Cytokines interact with cellular receptors on the endothelial membrane thereby inducing a signal cascade that mediates an increase in adhesion molecules (I-Cam and V-Cam), aquaporin channels (AQP4), and cytoskeletal changes, resulting in a pathological dysfunction of the BBB, adhesion of white blood cells, diffusion of blood proteins into the brain \[[@B14]\] and induction of astroglial activation, thereby creating a positive feedback cycle, thus keeping the BBB open for significant time periods.

Cerebral tumors may directly damage blood vessels, compressing the venous efflux, as well as induce aberrant angiogenesis \[[@B15], [@B16]\]. These damaged or newly formed vessels are dysfunctional and allow the leakage of blood constituents into the neuropil \[[@B17], [@B18]\]. Physiological cerebral angiogenesis is initiated by a short phase of vascular permeability mediated by vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). Under pathological conditions such as tumor growth, inflammation or stroke, large amounts of VEGF are released. This overproduction modifies the balance between angiogenic and stabilizing factors in favor of vascular permeability \[[@B16], [@B19], [@B20]\]. Signaling via VEGF and bFGF receptors induces the production of collagenase, heparinase, plasminogen activators (uPA, tPA), and matrix metalloproteinases (mainly MMP-2 and MMP-9), which contribute to the proteolysis of the basement membrane and to the disassembly of interendothelial junctions \[[@B21]--[@B23]\].

In infections, BBB opening may also be induced as part of the inflammatory response, granting brain access to the systemic immune system, or directly by the infecting pathogen, attacking the endothelium of the cerebral vessels \[[@B24], [@B25]\].

Status epilepticus (SE), a prolonged seizure, commonly appears in patients previously diagnosed with epilepsy. However, SE can occur spontaneously or following any one of the aforementioned insults, without a prior history of epilepsy \[[@B26]\]. In infancy, TLE usually accompanies genetic or developmental deficits; however, a subpopulation of infants acquires epilepsy after suffering an episode of prolonged febrile seizures (PFS) \[[@B27], [@B28]\]. Recent animal studies have shown that SE and PFS are associated with angiogenesis, BBB disruption \[[@B29], [@B30]\], and inflammatory response \[[@B31], [@B32]\] as well as metabolic dysfunction, thereby causing an extensive long-lasting vascular pathology similar to that found after other insults.

To summarize, epilepsy-initiating insults, as a rule, affect cerebral vessels and are associated with BBB dysfunction via three main mechanisms: inflammation, metabolic failure, and angiogenesis ([Figure 1](#fig1){ref-type="fig"}). This raises the question of whether BBB dysfunction plays a crucial role in epileptogenesis or whether it is a coincidental finding.

2. Blood-Brain Barrier Dysfunction Induces Epileptogenesis {#sec2}
==========================================================

The frequent findings of BBB dysfunction after brain insults and in epileptic patients raised the captivating hypothesis for a direct role of BBB dysfunction in epileptogenesis \[[@B33]\]. The hypothesis was further supported by the recent observation of a strong positive correlation between the extent of serum albumin leakage through the BBB of rats after induced SE and the number of subsequent seizures (\[[@B30], [@B34], [@B35]\], see [Figure 2](#fig2){ref-type="fig"}). Direct evidence for the involvement of BBB dysfunction in epileptogenesis was recently established by a series of animal studies, in which a long-lasting opening of the BBB in the rat neocortex was shown to result in the delayed appearance of hypersynchronous epileptiform activity \[[@B36]--[@B39]\]. Epileptogenesis following BBB injury does not seem to be mediated by a significant loss of inhibitory interneurons, but rather seems to involve early dysfunction of astrocytes (AKA "reactive astrogliosis") and an inflammatory response \[[@B40], [@B41]\]. Importantly, BBB dysfunction does not seem to induce epileptogenesis by provoking SE or immediate neuronal death, although under some conditions (e.g., intrarterial mannitol) it may induce immediate seizures \[[@B42], [@B43]\], and, in epileptic animals, it lowers seizure threshold \[[@B30]\].

The most frequently used animal model for TLE is the pilocarpine-induced SE in rodents. Indeed, in this model, similar to the human disease, a significant cell loss can be found within the hippocampus; most of this damage, however, is caused during the initiating SE \[[@B44]\] linking the neuronal necrosis to excitotoxicity \[[@B45]\]. Consistent with the hypothesis that BBB opening is required to initiate epileptogenesis, van Vliet and colleagues \[[@B30]\] showed the accumulation of serum-derived albumin after SE in glia and neurons. Importantly, albumin positive neurons were positively costained by fluoro jade; while this may indicate that intracellular albumin induces neuronal damage, a more likely explanation is that the neuronal uptake of albumin is limited to injured neurons. Indeed, immunostaining against serum albumin reveals BBB dysfunction a few hours after SE. While during the first 24 hours after SE albumin uptake is mostly observed in GFAP (+) astrocytes ([Figure 2(a)](#fig2){ref-type="fig"}), at 48 hours, many GFAP (−) cells, with a typical neuronal morphology are also stained to albumin ([Figure 2(b)](#fig2){ref-type="fig"}). Moreover, while exposure of acute brain slices from healthy rats to FITC-labeled albumin reveals a prominent astrocytic uptake \[[@B37]\], exposure of slices from SE-experiences rats results in prominent neuronal uptake, mostly in regions that are subject to extensive damage and neuronal cell loss following SE (hippocampal regions CA1, CA3, and hilus; Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}). The mechanism of albumin uptake is yet unknown. TGF-*β* receptor-mediated albumin uptake has been repeatedly shown in different nonneuroglial cell populations \[[@B37], [@B46], [@B47]\]. Evidence for a similar mechanism in astroglia has been recently shown by our group \[[@B48]\]. Furthermore, the expression of TGF-*β* receptor 1 and 2 is increased in neurons during ischemic insult, highlighting the potential role of these receptors in neurons challenged by noxious stimuli \[[@B49]\]. Thus, it is conceivable, that upregulation of TGF-*β* receptors in hippocampal neurons after SE underlies the uptake of serum albumin extravagated via the disrupted BBB. It has also been proposed that albumin could itself convey a neurotoxic effect, which leads to neuronal death. Studies using injection of hemolysate into the brain parenchyma have shown that presence of serum proteins in the brain parenchyma is associated with accumulation of the albumin-binding dye Evans blue in the cytoplasm of injured neurons and with cytochrome c release and DNA fragmentation \[[@B50]\]. Furthermore, in vitro experiments in cell cultures demonstrated that microglial cells produce neurotoxic agents in response to albumin exposure \[[@B51]\]. However, a direct intraventricular injection of labeled albumin alone does not result in SE or a significant neuronal uptake of albumin, making the direct neurotoxic effects of albumin less likely, but rather suggesting that injured neurons after SE uptake albumin. To summarize, while the mechanisms underlying albumin uptake are not entirely clear, it seems that after SE, albumin is first transported into astrocytes, and only at a later point into damaged neurons ([Figure 2](#fig2){ref-type="fig"}). While experimental data show that the rapid transcriptional brain response to serum albumin involves TGF-*β* signaling, the connection between this signaling pathway to the delayed albumin uptake into neurons is not clear. Other serum-derived proteins (e.g., thrombin, see \[[@B52]\]) may also take a role in signaling within the neurovascular unit after injury.

To challenge the hypothesis that serum albumin is sufficient to induce epileptogenesis within the temporal lobe, we introduced albumin directly into the ventricles, which are anatomically related to temporal lobe structures. In 2--3 month anesthetized FVB-N mice, we implanted a 200 *μ*l osmotic pump (ALZET osmotic pump 2001) filled with 0.4 mM bovine serum albumin (BSA) in artificial cerebral spinal fluid (ACSF; for ACSF composition see \[[@B53]\]). The pump was connected to a brain infusion kit (ALZET brain infusion kit 3) which was stereotactically inserted to the right lateral ventricle, frontal to the hippocampus (0.5 mm posterior, 1 mm lateral, and 3 mm ventral to Bregma), through a 0.7 mm diameter hole drilled in the skull. Control animals were perfused with ACSF alone (sham controls). The implanted pump continuously infused 1 *μ*l/hour and was surgically removed after 7 days. Animal\'s electroencephalographic (EEG) activity was telemetrically continuously monitored from moment of implant, throughout the duration of the experiment. Single-channel electrographic signals were acquired using a telemetric EEG monitoring system (Data Science International), as previously described \[[@B54]\]. Briefly, a transmitter (TA10EA-F20) was placed subcutaneously on the right dorsal side of the animal. Two holes were drilled through the skull using a surgical drill and stainless steel screws, serving as electrodes, were inserted through the drilled holes to the epidural surface. The epicranial side of each screw was connected to a transmitter lead and secured with bone cement. Signals were transmitted to a receiver placed below the animal\'s cage and saved on a personal computer (PC), with a sampling rate of 1 kHz. Using fluorescent-labeled albumin (FITC-albumin), we confirmed a preferential accumulation of the infused albumin in temporal lobe structures, specifically the hippocampus and the entorhinal cortex, as well as in the corpus callosum. While no instant changes in EEG were observed immediately following pump implantation (i.e., no SE), 3--5 days after, spontaneous seizures were recorded in treated animals and persisted for the remaining duration of recording (4--6 weeks, [Figure 3](#fig3){ref-type="fig"}). While many of the seizures were behaviorally expressed as staring behavior, occasional stage 5 generalized seizures were observed. No seizures were recorded in sham-treated controls. The induction of chronic spontaneous seizures by the exposure of the temporal lobe structures to albumin, emphasizes the important role of BBB integrity for normal brain functions and the potential epileptogenic role for BBB dysfunction and exposure of temporal lobe structures to serum-derived albumin.

3. The role of Astroglial Response in Epileptogenesis Induced by BBB Dysfunction {#sec3}
================================================================================

In a previous study where BBB was disrupted and a chronic epileptic focus induced, an early dysfunction of astrocytes was observed prior to the occurrence of neuronal hypersynchronization \[[@B37], [@B43]\]. These studies raised the possible involvement of serum albumin in the regulation of astrocytic calcium signaling and gene expression. The hypothesis was supported by experiments in cultured astrocytes showing increased intracellular calcium following exposure to albumin \[[@B55]\]. Changes in astrocytic gene expression, morphology, and functions following insults to the brain are well documented \[[@B56]\], and the potential role of astrocytes in seizure generation and epilepsy has been described in both experimental animals and epileptic patients \[[@B38], [@B57]--[@B59]\]. Furthermore, recent studies have indicated novel physiological roles for glial cells in the CNS, such as modulation of synaptic transmission, synaptogenesis, and plasticity \[[@B60]--[@B62]\]. It is thus plausible that reactive ("transformed" or "activated") glial cells play a significant role in reorganization of the neuronal network, leading to hypersynchronicity and hyperexcitability. Changes in astrocytic functions which are potentially involved in increased neuronal excitability and epileptogenesis include the following.

\(1\) Downregulation of Potassium Inward Rectifying Channels(Kir4.1) and water channels (aquaporin 4, AQP4) \[[@B37], [@B41], [@B63]\]. Both channels are colocalized most abundantly in astrocytic endfeet and considered crucial for the regulation of the brain\'s extracellular potassium (\[K^+^\]~o~) and water content. Indeed, down-regulation of Kir4.1 and AQP4 in genetic-engineered mice resulted in impaired \[K^+^\]~o~ buffering and spontaneous seizures \[[@B64]--[@B66]\]. Down-regulation of Kir4.1 channels and the consequential impaired \[K^+^\]~o~ buffering have also been reported in the hippocampus of pilocarpine-treated epileptic rats \[[@B67]\] and in sclerotic hippocampi of TLE patients \[[@B68]\]. Impaired \[K^+^\]~o~ homeostasis is specifically significant when the network is activated repetitively. Activity-dependent increase in \[K^+^\]~o~ results in altered extracellular volume, lowering of firing threshold, slower neuronal repolarization, increased transmitter release, and facilitated activation of N-methyl-d-aspartate (NMDA) receptors during neuronal depolarization, thus potentially contributing to aberrant plasticity and hyper-synchronization \[[@B41]\].

\(2\) Reduced Gap JunctionsGap junctions, consisting of connexin proteins, are functional channels between cells. Astrocytes are coupled via gap junctions to form large cellular networks, facilitating the spatial buffering of small molecules (e.g., \[K^+^\]~o~). Connexin knockout mice show a mild decrease in the spatial buffering of \[K^+^\]~o~ and a decreased seizure threshold, although most buffering capacity is maintained \[[@B69]\].

\(3\) Impaired Glutamate MetabolismGlia cells are important for glutamate release, uptake, and metabolism and may express glutamatergic receptors. Additionally, upregulation of TNF*α* (together with microglial activation) in epileptic tissue can enhance glutamate release \[[@B70]\]. In hippocampal slice preparations from healthy mice, astrocytic glutamate release has been implicated to underwrite the slow, TTX resistant, NMDA sensitive neuronal inward current (possibly representing the typical "paroxysmal depolarization shift" (PDS) underlining interictal bursts) \[[@B71]\]. However, it is not clear if such release can contribute to epileptogenesis or to the propagation of seizure activity in an epileptic brain. Furthermore, there is no direct evidence of increased glutamate release from astrocytes in tissue from chronic epileptic patients or animals. Decreased uptake and metabolism by transformed astrocytes may also affect extracellular glutamate levels. Astrocytes express two specific glutamate transporters, the EAAT1 (AKA GLAST in rodents) and the EAAT2 (GLT-1) which are responsible for most glutamate uptake in the brain. There is strong evidence to support the assumption that significant impairment of astrocytic glutamate transporters is associated with the development of seizures \[[@B59], [@B70]\], but to what extent is it sufficient to induce epileptogenesis is controversial \[[@B41], [@B70]\]. It is also unclear to what extent glutamate transporters are indeed downregulated in epileptic tissue from the temporal lobe, with reports of reduced, normal, or increased levels \[[@B59], [@B70]\]. Astrocytes are also responsible for the metabolism of the transported glutamate into glutamine by glutamine synthetase. Glutamine is transported back into neurons where it is recycled back to glutamate by mitochondrial glutaminase. Sclerotic brain tissue from TLE patients shows approximately a 40% reduction in the levels of astrocytic glutamine synthetase \[[@B59], [@B72]\]. Moreover, in experimental animals, inhibition of glutamine synthetase (80--90% inhibition) causes seizures \[[@B73]\].

\(4\) Increased Release of Inflammatory Mediators by Transformed AstrocytesAs mentioned above, astrocytes can produce different pro- and anti-inflammatory molecules, and these can be pro- and antiepileptogenic. Accumulating experimental evidence support the role of IL-1*β* in reducing seizure threshold \[[@B74]\], exacerbating BBB dysfunction \[[@B75]\], as well as promoting epileptogenesis in the kinate SE model of epilepsy \[[@B76], [@B77]\].

4. From BBB Dysfunction to Neuronal Dysfunction and Hyperexcitability {#sec4}
=====================================================================

The brain neuropil demands an adequate extracellular environment for the regulation of synaptic function. Following BBB dysfunction, there is a decrease in nutrient supply, faulty clearance of toxic molecules, secretion of cytokines, and disturbance in the ionic balance, all of which affect neuronal activity.

As mentioned above, changes in \[K^+^\]~o~ buffering may directly affect synaptic release and postsynaptic responses, including the activation of NMDA receptors due to associated depolarization; in addition, BBB dysfunction is expected to equilibrate the brain\'s extracellular environment with serum concentrations of electrolytes, resulting in increased Ca^2+^ and lower Mg^2+^ levels in the neuronal microenvironment \[[@B78]\], thus further unblocking of NMDA receptors and enhancing excitability.

The astrocytic and microglial-mediated release of inflammatory mediators has also been shown to directly affect neuronal excitability. Recent data suggest that the release of inflammatory cytokines, such as the aforementioned IL-1*β* (but also cyclooxygenase-2, TNF-*α*, IL-6, and TGF-*β*), may directly affect synaptic signaling and plasticity \[[@B79]\]. IL-1 receptor 1 (IL-1R1) has been recently shown to colocalize on hippocampal pyramidal neurons with the NMDA receptor. Furthermore, activation of neuronal IL-1R1 enhances Ca^2+^ influx via NMDA receptors thus promoting hyperexcitability, epileptogenesis \[[@B74]\], and excitotoxicity \[[@B80]\]. IL1-*β* appears also to stabilize NMDA receptor localization on the membrane by preventing endocytosis and protecting it from degradation \[[@B81]\]; finally, IL-1*β* inhibits GABA-mediated Cl^−^ fluxes, thus potentially reducing inhibitory transmission \[[@B82]\].

In human and animal models of TLE aberrant neurogenesis and dispersion of neurons in the dentate granule cell (DSG) layer is found \[[@B83]\]. Findings suggest that hilar ectopic DGCs in TLE integrate abnormally and can lead to network dysfunction. In-vitro studies have shown that pro inflammatory cytokines, including IL-6, IL1-*β* and TNF-*α* play a pivot role in suppressing neurogenesis \[[@B84], [@B85]\]. Interestingly over expression of TGF-*β* has been shown to enhance neural stem cells differentiation to a neuronal phenotype in the adult dentate gyrus \[[@B86], [@B87]\], Suggesting a required homeostatic balance between pro and anti-neurogenic cytokines. Thus, BBB dysfunction and the consequential albumin activation of TGF-*β* receptors may "push" stem cells in to neuronal fate, inducing the aberrant neurogenesis seen in TLE.

5. Implications to Human Epilepsy {#sec5}
=================================

Is there any evidence in human studies for the involvement of pathology at the BBB and epileptogenesis? As mentioned above, pathological and immunohistochemical studies in human epileptic tissue consistently demonstrated structural evidence for abnormal BBB and, serum albumin within the neuropil and cellular elements; as functional evidence for abnormal vessels permeability for large hydrophilic molecules \[[@B30], [@B43]\]. Imaging BBB permeability in patients with postraumatic epilepsy clearly shows BBB abnormalities in more than 50% of the patients \[[@B88]\]. Interestingly, in most of these patients there was a close spatial correlation between the BBB lesion and the suspected epileptic focus, based on inter-ictal EEG and the use of source localization methods. Moreover, the spatial extent of cortical dysfunction as measured by quantitative EEG analyses correlated with the size of the BBB disrupted region, but not with that of the anatomical lesion. However, prospective clinical followup is still awaited to question directly the risk to develop epilepsy in patients with BBB abnormalities. Such a study may clarify why some patients with dysfunctional BBB do not develop epilepsy while others do. It is yet unclear whether location, duration or extent of BBB dysfunction are critical risk factors for epileptogenesis and influence the time of onset, location or the severity of the disease. An interesting question is to what extent BBB dysfunction is related to drug refractoriness in epileptic patients; such resistance to antiepileptic drugs may hint of upregulation of drug transporters on the dysfunctional endothelial cells \[[@B89]--[@B91]\].

To summarize, accumulating experimental evidence points to a common vascular origin underlying insult-induced epileptogenesis of the temporal lobe ([Figure 1](#fig1){ref-type="fig"}). The significant changes occurring in the vascular system after different insults lead to exposure of the neuropil to serum-derived albumin inducing activation of specific signaling pathways, astroglial activation and release of cytokines, eventually causing hyperexcitability and synchronicity of the neuronal network. Future research into identification of the involved signaling pathways may prove to be the first milestone in developing novel therapeutics for the prevention and treatment of TLE.
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![Flowchart illustrating a possible pathway leading from common brain insults to the development of epilepsy. Stroke, trauma, tumor and infections, the common insults with an epileptic sequela, usually cause BBB dysfunction by three main mechanisms: inflammation, angiogenesis and metabolic failure. The inflammatory response, inducing BBB dysfunction, is increasingly enhanced by the BBB dysfunction itself, creating a positive feedback loop that may develop into a chronic condition. BBB dysfunction induces direct signaling in astrocytes and neurons, resulting in hyperexcitability and network hypersynchronicity, which manifests as spontaneous recurrent seizures.](ERT2011-143908.001){#fig1}

![Albumin uptake in hippocampal astrocytes and neurons after SE. (a) 8 hours after SE, endogenous albumin as visualized by immunostainings with antirat albumin (green) is observed in the neuropil indicating breakdown of the BBB. Note that albumin is preferentially taken up by GFAP-positive (red) astrocytes. (b) 48 hours after SE, endogenous albumin is also transported into the cytoplasm of GFAP-negative, morphologically identified neurons. (c) Pyramidal cell layer neurons of the CA1 region of the rat hippocampus (anti-NeuN, red) accumulate FITC-labeled exogenous BSA (green) 48 h after pilocarpine-induced SE, whereas neurons of animals injected with saline do so very sparsely (d). Note the marked neuronal cell loss after SE.](ERT2011-143908.002){#fig2}

![Spontaneous seizures induced by albumin. (a) An X-ray photograph of mouse implanted with FITC-BSA infusion pump and telemetric electrographic recording transmitter. (b) FITC conjugated BSA preferentially accumulates in the hippocampus after intraventricular infusion. (c) Electrographic recording (upper panel) of a spontaneous seizure 4 days after pump implant, and the corresponding spectrogram (lower panel). (d) Ictal activity (slower time scale).](ERT2011-143908.003){#fig3}
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